Introduction
============

Mandibular tissue defects are mainly caused by developmental deformity, trauma, and tumor resection ([@b1-etm-0-0-5118],[@b2-etm-0-0-5118]). Trypsin digestion and cell inoculation are the traditional methods to repair mandibular tissue defects. This method is prone to reduce cell activity, which leads to mass cell death, lower utilization rate of cells, difficulty in formation of dense bone tissue and other deficiencies. These complications hinder the recovery expected following the clinical treatment ([@b3-etm-0-0-5118]--[@b5-etm-0-0-5118]). To improve the utilization rate of the transplanted cells, the harvest and inoculation of bioactive seed cells need to be optimized using bone tissue engineering ([@b6-etm-0-0-5118]). The development of bone tissue engineering provides a new avenue for the repair of jaw injuries. Cellular secretions and maintenance of tissue structures can be effectively retained by cell sheet technology, which reduces the loss of seed cells ([@b7-etm-0-0-5118],[@b8-etm-0-0-5118]). In this study, we applied cell sheet technology to bone tissue engineering. The scaffold surface of polylactic-co-glycolic acid (PLGA) is covered with a cell sheet and is implanted in the region of mandibular injury in dogs to establish normal functional bone and bone structure.

Materials and methods
=====================

### Experimental animals

We obtained 12 healthy mongrel dogs from the Laboratory Animal Center of The Fifth People\'s Hospital of Jinan, regardless of their sex, weighing 21--32 kg and ages 14--23 months.

### Main instruments and reagents

Temperature-responsive culture dish (Shanghai Qifu Biotechnology Co., Ltd., Shanghai, China), Dulbecco\'s modified Eagle\'s medium nutrient solution (Shanghai Genmed Gene Pharmaceutical Technology Co., Ltd., Shanghai, China), PLGA scaffold (Changzhou New District Jiasen Medical Bracket Instrument), inverted phase contrast microscope (Shanghai Pooher Optoelectronics Technology Co., Ltd., Shanghai, China), scanning electron microscope (Star Joy Co., Ltd., Guangzhou, China), cell incubator (Precision Instrument, Shanghai, China), trypsin (Peptone Biological Products, Shandong, China) and osteogenic inducing fluid (Han Heng Biotechnology, Shanghai, China).

### Stem cell isolation and culture

A total of 15 ml of bone marrow blood was extracted from experimental dogs under anesthesia. Stem cells were isolated by density gradient centrifugation and the density of stem cells was diluted to 10^7^ cells/ml in nutrient solution. The cells were inoculated in 45 ml culture flasks and cultured under saturated humidity (36°C, 6% CO~2~), followed by observation under the inverted phase contrast microscope. When cells reached 70% of confluence, they were digested with trypsin containing 0.03% elhylene diamine tetraacetic acid and subcultured at a 1:2 ratio.

### Osteogenic induction of stem cells

To the subcultured cells we added 5 ml high-glucose medium containing 11% fetal calf serum and osteogenic inducing media and cultured under saturated humidity (36°C, 6% CO~2~) to promote the induction of stem cells into osteoblasts.

### Stem cell sheet preparation

The stem cells after osteogenic induction were digested with trypsin, inoculated at a density of 10^7^ cells/ml in temperature-responsive culture dish after, and then placed under saturated humidity (36°C, 6% CO~2~). The stem cells were laid at the bottom of culture dish 12 days later. Subsequently, the culture dish was placed in the calorstat for 25 min and stem cells and the bottom of culture dish were separated to form the cell sheet ([@b3-etm-0-0-5118]).

### Stem cell inoculation and scaffold surface wrapped with cell sheet

Scaffolds were soaked and divided in two groups. In group A, the scaffold surface was wrapped with cell sheets (experimental group). The scaffold surface in group B was not wrapped with cell sheets (control group). The cells were cultured under saturated humidity (36°C, 6% CO~2~) for 5 days, followed by scanning and observing under the electron microscope. The study was approved by the Ethics Committee of the Fifth People\'s Hospital of Jinan.

### Canine mandibular defect implantation

A total of 12 dogs were divided into experimental and control groups, with 6 animals in each group. After intravenous anesthesia, a 6 cm-long incision was made in the lower edge of the mandible on both sides and the skin, muscle and fascia were cut open to expose the mandible body. A trapezoid (up broad and down narrow) injury with shape similar to the PLGA scaffold was created in both mandibles. We retained the inferior alveolar nerves and vessels to prevent rejection of the implant. Scaffolds covered and not covered with cell sheets were implanted in the experimental and control groups, respectively. The groove of the scaffold was embedded in the mandibular nerve vessel, and soft tissue was carefully sutured, followed by fixation of the scaffold; 3×10^6^ U of penicillin were administered every day for one week following surgery.

### Observation indexes

i\) Gross observation: two experimental animals were sacrificed at postoperative 3, 9 and 12 weeks, and bilateral mandibles were removed for gross observation.

ii\) Imaging: X-ray imaging of mandibles were obtained under the same projection conditions. Optical density was analyzed and measured by Image-Pro Plus 6.0 (Media Cybernetics Inc., Rockville, MD, USA) software.

iii\) Histological examination: Partial specimen tissues of the same region were removed and processed by conventional demineralization, fixation, staining, sliced, and followed by observation under inverted phase contrast microscope.

iv\) The ratio of bone tissue surface on each slice was calculated by Adobe Photoshop 7.0 (Adobe Systems, Inc., San Jose, CA, USA) and Image-Pro Plus 6.0 (Media Cybernetics Inc., Rockville, MD, USA) software. To obtain accurate results, the percentage of bone area was calculated after extracting the serial slices of the same part from all the specimens.

### Statistical analysis

SPSS 20.0 (IBM Corp., Armonk, NY, USA) statistical software was used for analysis. The differences of optical density, bone mass and bone area between two groups were compared by analysis of variance (ANOVA). A P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Examination of cultured stem cells prior to implantation

Following culture of cells with and without scaffold, we proceeded to examine them by scanning electron microscopy. Cell sheets in the experimental group were widely distributed on the surface on the small openings of the scaffold material 7 days after cell inoculation ([Fig. 1](#f1-etm-0-0-5118){ref-type="fig"}). Cells were tightly adhered and fully extended, they were connected with each other and a large amount of extracellular matrix components could be observed.

### Gross observation of mandibular implants

All the animals survived the surgery and implantation. The gross observation of the 12 dogs showed that the scaffold material was wrapped with soft tissue at postoperative 3 weeks, but the scaffold structure could still be seen. The broken end of bone around the scaffold was distinct and it was relatively soft to the touch. We found no differences between the experimental and control groups. At postoperative 9 weeks, partial scaffold structures could be seen on both sides. The combination of broken end with scaffold was relatively compact, with unclear boundaries, showing less absorption of the lower part of scaffold. The scaffold was significantly less absorbed in the experimental group compared to the control group. At postoperative 12 weeks, the lateral bone injury was replaced by new bone tissue repair in the experimental group. The compact bone at lingual position was similar to normal bone and the broken end of the bone was healed, showing the similar hardness to the surrounding bone tissues ([Fig. 2A](#f2-etm-0-0-5118){ref-type="fig"}). The bone mass in the control group was 2.5, which was significantly lower than 4.5 in the experimental group (P\<0.05). In contrast, the mandibular bone injury could still be seen in the control group ([Fig. 2B](#f2-etm-0-0-5118){ref-type="fig"}).

### Bone imaging

Next, we conducted X-ray imaging of the injured mandibles to examine the recovery in more detail. The optical density of mandibles in the experimental and control groups increased gradually over time from postoperative 3--12 weeks and the differences were statistically significant at different time points (P\<0.05). The optical density was significantly higher in the experimental than that in control group at the same postoperative time point ([Table I](#tI-etm-0-0-5118){ref-type="table"} and [Fig. 3](#f3-etm-0-0-5118){ref-type="fig"}). At postoperative 12 weeks, the optical density for the experimental group reached the highest value, but the optical density was still lower than that of normal bone tissue. The irregular bone trabecular shadow could still be seen within 3--12 weeks after material implantation. Over time, the amount of bone trabecular increased and a high-density fracture line could be observed at the broken end of the bone ([Fig. 3](#f3-etm-0-0-5118){ref-type="fig"}).

### Histological observation of osteoblast

At postoperative 12 weeks, the bone trabecula was thick and large at bilateral positions in the experimental group ([Fig. 4A](#f4-etm-0-0-5118){ref-type="fig"}). The haversian canal was abundant and concentric lamellar bone could be seen around it, with red bone marrow and a large number of bone cells in good condition. The vessels in the bone marrow were abundant containing much calcium salt deposition. The bone trabecula and the haversian canal were smaller in control group ([Fig. 4B](#f4-etm-0-0-5118){ref-type="fig"}).

### Tissue morphology

Finally, we examined the bone area recovered after implantation. Bone areas in the experimental group were significantly larger than those in the control group at postoperative 9 and 12 weeks (P\<0.05) ([Fig. 5](#f5-etm-0-0-5118){ref-type="fig"}).

Discussion
==========

The repair of jaw injury is still a difficult clinical problem that needs an urgent solution ([@b9-etm-0-0-5118]). In previous years, the development of bone tissue engineering provides new approaches to repair jaw injuries. Good scaffold materials and seed cells are critical to promote the development of bone tissue ([@b10-etm-0-0-5118]--[@b12-etm-0-0-5118]). Cell sheets, a method of harvesting seed cells, obtains seed cells via temperature induction ([@b13-etm-0-0-5118],[@b14-etm-0-0-5118]). Cells are laid at the bottom of a temperature-responsive culture dish and cultured for 12 days at 25°C, until the formation of a hydrated film between the cells and the material at the bottom of the dish ([@b15-etm-0-0-5118]). Cells are completely separated from the culture dish, thereby forming cell sheets. Cell sheets have multiple advantages and have been applied in many research fields ([@b16-etm-0-0-5118]--[@b18-etm-0-0-5118]). For instance, tubular myocardial structure established by cell sheet technology demonstrate a degree of functionality ([@b19-etm-0-0-5118]). Corneal tissue can also be rebuilt on the oral mucosa via cell sheet technology ([@b20-etm-0-0-5118]). New bone tissue with similar structure to the normal bone can be established and grafted.

Here, we established tissue engineering bone cells by cell sheet technology and plastic scaffold. Canine stem cells were induced into osteoblasts to form cell sheets and scaffold material covered with the cell sheets were implanted in canine mandibular injuries. The porous scaffold material, which provides an adhesion surface for the stem cells, contributes to the smooth growth of cells in the injury site, showing a higher degree of plasticity and strength ([@b21-etm-0-0-5118]). The PLGA scaffold used in this experiment demonstrates better biocompatibility with biological cells. The PLGA scaffold is a three-dimensional net-like structure and its gap size is conducive to bone cell and vessel growth, thus ensuring the consistency of growth rate of new bone with scaffold degradation rate ([@b22-etm-0-0-5118]--[@b24-etm-0-0-5118]). The PLGA scaffold used in this experiment adopts a trapezoidal shape. A groove is maintained on the dorsal side of the scaffold to accommodate the mandibular nerve vessels, allowing the inferior alveolar artery to penetrate into the inner part of scaffold, thereby creating conditions to provide blood supply for the growing bone tissue.

In conclusion, the satisfactory tissue engineering of bone containing lamellar bone can be established by cell sheet technology, making this technology an ideal method to repair mandibular injuries. However, there are still multiple problems in establishing engineered bone tissue, which require further research. The most critical problems are the difficulty of producing cell sheets and achieving highly functional scaffolds wrapped with cell sheets.

![Scanning electron microscope observation of cell sheets. Cells are widely distributed and tightly adhered. A large amount of extracellular matrix components can be seen.](etm-14-05-5007-g00){#f1-etm-0-0-5118}

![Gross observation of grafts at postoperative 12 weeks. (A) Location of the lateral bone injury in the experimental group is replaced by new bone tissue repair, the compact bone at lingual position is similar to normal bone and the broken end of bone is normally healed, showing similar hardness to the surrounding bone tissues; (B) obvious bone injury can still be seen at mandibular position in the control group.](etm-14-05-5007-g01){#f2-etm-0-0-5118}

![X-ray imaging at postoperative 12 weeks. (A) Experimental group; (B) control group. The irregular bone trabecular shadow can still be seen within 3--12 weeks after material being implanted, and with the extending of time, the amount of bone trabecular is increased, and high-density fracture line can be seen at the broken end of the bone.](etm-14-05-5007-g02){#f3-etm-0-0-5118}

![Histological observation at postoperative 12 weeks. (A) Experimental group; (B) control group. The bone trabecula is thick and large at bilateral positions in experimental group; the haversian canal is abundant and concentric lamellar bone can be seen around it. The bone trabecula is smaller in control group and the haversian canal is reduced.](etm-14-05-5007-g03){#f4-etm-0-0-5118}

![Percentage of bone area on histological section by image analysis software. Bone areas in the experimental group are significantly larger than those in the control group (\*P\<0.05).](etm-14-05-5007-g04){#f5-etm-0-0-5118}

###### 

Postoperative optical absorbance over time.

                 Postoperative weeks                 
  -------------- --------------------- ------------- -------------
  Control        0.545±0.017           0.683±0.043   0.711±0.012
  Experimental   0.621±0.023           0.802±0.065   0.945±0.033
  t-test         7.031                 8.004         9.562
  P-value        \<0.05                \<0.05        \<0.05
